The structure of adenovirus chromatin in infected cells was studied by micrococcal nuclease digestion and hybridization with virus-specific probes. In the early phase of infection (5 h) a significant proportion of viral molecules was organized like actively transcribed cellular chromatin. As expected for a transcriptionally active population of molecules, even at high multiplicity of infection the nucleosomal repeating pattern was less distinct than in a transformed cell which contained the corresponding but less active genomic region. The observed repeating pattern in infected cells was unlikely to be due to integrated molecules since less than 0.07~ of input genomes became associated with cellular DNA. After the onset of viral DNA replication, the pool of viral chromatin organized like cellular chromatin rapidly increased. In addition, newly replicated molecules also maintained the cellular chromatin-like organization as measured by [3H]thymidine incorporation after the cessation of cellular DNA synthesis. These data suggest that newly replicated viral molecules are organized by histones into cell-like chromatin throughout the infection cycle. Coincident with the peak of viral DNA and core protein synthesis, and the decline of histone synthesis, the late, core-like non-repeating viral chromatin became dominant, increasingly obscuring the underlying repeating pattern. Experiments suggest that this late chromatin is destined for encapsidation, that the early chromatin persists and that viral core proteins do not displace histones on viral DNA. A model is proposed suggesting that transcription and type I replication occur on histone-condensed templates, while type II replication products late in infection are condensed by core proteins and are destined for encapsidation.
INTRODUCTION
The study of the chromatin of complex viruses such as adenoviruses and herpesviruses lags behind that of simpler viruses (like simian virus 40) and eukaryotic cellular chromatin (Cr6misi, 1979; Igo-Kemenes et al., 1982; Lebowitz & Weissman, 1979; Shelton et al., 1978) . We, and others, have begun the study of the structure of adenovirus chromatin because this group of viruses replicates in higher primate cells in a manner which might offer insights not only into the virus but also into aspects of eukaryotic chromatin. Adenoviruses do not contain histones. Viral DNA is condensed into a core structure within the virus particle by viral basic proteins V, VII and X (Vayda et al., 1983; Weber et al., 1983) . Electron microscopy reveals a beaded, nucleosome-like core structure, but micrococcal nuclease (MN) digestion yields DNA fragments of monomer and heterogeneous lengths unlike the regular repeating pattern obtained with host cell chromatin (Mirza & Weber, 1982; Vayda et al., 1983) . A satisfactory explanation for this paradox has yet to be found.
Much less is known about the intracellular forms of viral chromatin. Reports to date suggest that shortly after infection viral DNA acquires a nucleosomal structure similar to that of the host cell, suggesting a viral D N A histone association (Daniell et (Weber & PhiIipson, 1984) .
In this report we examine the digestion of viral chromatin by MN in infected and transformed cells to determine the structure of viral chromatin throughout the course of lytic infection with particular attention to the timing and nature of the transition from early chromatin to late chromatin. Based on the results, we propose a model for adenovirus chromatin which takes into account the transcription, replication and encapsidation of the genome.
METHODS

Cells and virus.
HEp-2 and adenovirus type 2 (Ad2)-transformed rat cells, termed F4 cells, were grown in monolayer culture as described previously (Mirza & Weber, 1982) . The F4 cells were obtained from B. Stillman, Cold Spring Harbor Laboratories, and they contain 16 tandem repeats of Ad2 DNA consisting of the left end 60~ linked to the right end 4~0 (Gallimore et al., 1974; Lewis & Mathews, 1981 ; Sambrook et al., 1979) . Cells were infected with twice CsCI gradient-purified virus (Mirza & Weber, 1979) . Mutant ts125 is an Ad5 mutant defective in DNA replication (Ensinger & Ginsberg, 1972) .
L~olation q]'nuclei and nuclease digestion. Nuclei were prepared by suspending washed cells in lysis buffer (10 mMTris HCI pH 7.5, 0.3 M-sucrose, 85 mM-KCI, 0-1 mM-phenylmethylsulphonyl fluoride and 0.5 or 0.1 ~o NP40 for HEp-2 and F4 cells respectively). The suspensions were vortexed for 10 min (HEp-2) or 3 min (F4) and samples were examined by phase-contrast microscopy. Nuclei were pelleted by low-speed centrifugation, the pellet washed once, and then resuspended at l0 s nuclei/ml in digestion buffer (10 mM-Tris-HC1 pH 7.5, 60 mM-KCI, 15 mMNaC1, 0.5 mM-dithiothreitol, 0.25 M-sucrose, 3 mM-MgCI> 0.5 mM-CaC12) according to the method of Wu (1980) . All operations were performed on ice. Freshly prepared nuclei were digested with different concentrations of MN (Worthington) at 25 °C. Digestion was terminated by the addition of EDTA and SDS to 20 mM and 0.5~ final concentration respectively.
Isolation of DNA, electrophoresis, probes and hybridization. MN-digested samples were deproteinized overnight at 37"C with 100 ~tg/ml proteinase K (Merck). The DNA was extracted with phenol-chloroform and electrophoresed overnight in 1.4~ agarose gels and Tris-acetate buffer, except where otherwise indicated.
The gels were stained with ethidium bromide, photographed, denatured and transferred to nicrocellulose (Southern, 1975) . Hybridization was according to the method of Wahl et al. (1979) , except that the solutions contained 0.1 °/o SDS. The Ad2 DNA probes were prepared by restriction enzyme digestion of pBR322 clones of Hindlll and EcoRI fragments as indicated in the text. Cell probes were prepared from total HEp-2 cell DNA.
Agarose gel-purified fragments were labelled with 3zp by nick translation to specific activities of 2 × l0 s to 4 × l0 s c.pm./btg DNA.
Detection ql'riral DNA integration. HEp-2 cells were infected with 100 p.f.u./cell lbr analysis at 5 and 10 h postinfection or I0 p.f.u./celI for analysis at 20 h after infection. At the appropriate times after infection, high molecular weight DNA was gently extracted by treatment with SDS-proteinase K and phenol chloroform (Maniatis et aL, 1982) . DNA was electrophoresed in a 0.4~ agarose gel for 3 days at 4°C and 10 V. To ensure efficient blotting the DNA was fragmented in the gel (Wahl et al., 1979) . The hybridization probe consisted of cloned sequences between 2.8 to 9.4 and 31.5 to 37-3. These genomic regions are present in the F4 cell DNA which was used as a positive control. The hybridized filters were exposed for times which gave linear exposures on the film and the radioactivity estimated by densitometric scanning of bands.
RESULTS
MN digestion o[ adenovirus chromatin during the early phase of injection and in transjormed cells
HEp-2 cells were infected with 100 p.f.u, of Ad2 per cell and the nuclei were digested with MN in the middle of the early phase (5 h after infection). Total nuclear DNA was electrophoresed and ethidium bromide-stained (Fig. 1 a) , then blotted and hybridized with virus-specific probes (Fig. 1 b) . To compare the viral pattern with the cellular pattern, the 32p was allowed to decay and the filter was re-hybridized with a cell DNA-specific probe (Fig. 1 c) .
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On: Fri, 11 Jan 2019 01:46:00 Although the viral chromatin exhibited a nucleosomal repeating pattern which was in phase with the cellular pattern, the background was much higher. This could be interpreted in several ways: (i) at this stage in infection viral D N A exists in several forms, such as various decapsidation intermediates (which are digested to a smear; Mirza & Weber, 1982; Vayda et al., 1983) as well as viral D N A organized like cellular chromatin, or (ii) viral D N A is organized as cellular chromatin, but active transcription renders it more susceptible to nuclease attack g i v i n g a less well-defined repeating pattern (Levy & NoU, 1981) . Similar results were obtained at low and high multiplicity of infection and with several types of cloned viral probes: (i) HindIII-C fragment (7.9 to 17.0), (ii) S m a I -B g l I I fragment (2-8 to 9.4), and (iii) equimolar ratio of all except the terminal fragments of HindIII (7.9 to 97.1). Therefore, all of the viral genome is organized similarly. The contribution of possible integrated molecules to this analysis will be dealt with in a later section. M N has a certain degree of D N A sequence specificity (DingwaU et al., 1981 ; Horz & Altenburger, 1981) . To rule out the possibility that the observed digestion pattern was due to sequence alone, the D N A from a sample of the nuclei used in the preceding experiment was deproteinized first and then digested with MN. Hybridization of this D N A with the viral probe gave a non-specific smear, thereby showing that the observed viral digestion pattern is due to proteins (Fig. 1 d) . C. V. DIARY AND OTHERS DNA sequences, were digested with 300 (lanes 1), 900 (lanes 2) or 3000 (lanes 3) U/ml of MN for 3 min at 25 °C. The blot was hybridized with a viral probe containing genomic region 2.8 to 7.9 (a); the label was then washed away and the blot hybridized with a cellular probe (b).
Integrated Ad2 DNA in transformed ceils offers a unique opportunity for examining the digestion of viral sequences organized exclusively as cellular chromatin. F4 cells contain 16 copies of tandemly repeated Ad2 sequences of the left half of the genome (Gallimore et al., 1974; Sambrook et al., 1979) . The digestion patterns of F4 cells and the early lytic phase, using the same probe, were in fact similar (Fig. 2a) . However, the viral repeating pattern in F4 cells was less distinct than bulk cellular chromatin (Fig. 2b ), but more distinct than early phase viral chromatin ( Fig. 1 b) , as judged by the number of discernible rungs in the chromatin ladder. This is consistent with the above suggestion that only a certain, undetermined, proportion of Ad2 DNA molecules are organized as cellular-like chromatin, or that transcription renders them more susceptible than their F4 counterparts, where only the E1 region is transcribed.
MN digestion of adenovirus chromatin after the transition from the early to the late phase of infection
To examine the transition from the cellular-like early chromatin to the virus core-like late chromatin, infected nuclei were digested with MN at different times after infection and the organization of the DNA examined as above. As DNA replication proceeded, the nucleosomal repeating pattern resembling that in the F4 cells, became increasingly evident between 10 and 14 h after infection (Fig. 3b, c, d ). The increase in the nucleosomal hybridization signal was approximately 10 to 20-fold between 5 h and 12 h. By 16 h the nucleosomal pattern became largely obscured (Fig. 3 e, h) and by 20 h and later it was completely obscured by a smear of heterogeneous DNA fragments typical of late chromatin (Fig. 3f, g, i, j) (Brown & Weber, 1980; Daniell et al., 1981) . At the same time, evidence of newly assembled virions was found at the top of the gel in the form of protected, genome-sized DNA. After the decay of the viral signal, the filter was hybridized with the cellular probe. Nucleosomal DNA up to hexamer, and in phase with their viral counterparts, were observed (Fig. 3a) . This type of experiment was repeated several times, yielding identical results. The viral repeat maximum was always trimer, whereas IP: 54.70.40.11
On: Fri, 11 Jan 2019 01:46:00 the cellular repeat was clear up to pentamer or hexamer. The ratio of monomer to dimer was also a differential diagnostic feature, being close to unity for the virus and significantly less for the cell (compare Fig. 3 c with 3 a). The kinetics of digestion also suggest that cellular chromatin is more protected than viral chromatin. This type of result is expected for at least two reasons: (i) the cellular probe is likely to be enriched for repetitive D N A , which is thought to be less transcribed and less accessible to nuclease digestion than unique sequences, and (ii) a high proportion of viral D N A is likely to be in a nuclease-sensitive state due to replication and transcription. Adenovirus D N A replication results in a significant proportion of single-stranded D N A in the infected cell (Kedinger et al., 1978 ; Walker et al., 1980) . The following experiments were performed to assess the contribution of single-stranded viral D N A in the pattern of M N digestion obtained during the late phase of infection. We have attempted to approach this problem by mild M N digestion of infected cell nuclei at 10 h post-infection. Ethidium bromide staining of the gel revealed two new bands we had not observed previously ( Fig. 4a to , 300 (f), 900 (g), 3000 (h) U/ml. To avoid breakdown of high molecular weight DNA, the nuclei were digested with proteinase K and SDS (100 ~tg/ml and 0-5 % respectively) and the DNA loaded directly onto a 1.4% agarose gel, electrophoresed, blotted and hybridized with viral probe composed of plasmids representing the entire genome (a to h).
(i) Longer exposure of (h). After partial decay of the viral signal, the filter was re-hybridized with a cellular probe (/" to q). The left-hand panel shows ethidium bromide staining of the agarose gel prior to blot hybridization.
hand panel). One of these bands co-migrated with a nucleosome pentamer; the other was twice this size. Blot hybridization of the same filter with viral and cellular probes identified unique subpopulations of viral molecules. Very low concentrations of M N digested a subpopulation of viral D N A sequences (Fig. 4a to c, middle panel). Higher concentrations of M N released oligomers, which yielded a small proportion of mono-and dinucleosomal DNA. Neither the viral nor the cellular probe hybridized with the new bands observed by staining. These bands are likely to consist of R N A fragments of monomer and dimer size generated by M N digestion of ribonucleoprotein complexes (Straetling & Klingholz, 1981; Walker et al., 1980) . The nature of the oligomeric viral D N A fragments observed in Fig. 4 (a to c, middle panel) were further investigated. These fragments hybridized without denaturation to viral probes and they were resistant to RNase treatment, suggesting that they consist of single-stranded or partially single-stranded viral DNA. Similar highly nuclease-sensitive D N A was not found among the cellular sequences ( Fig. 4j to l) nor was it found during the early phase of infection prior to the onset of viral D N A synthesis (results not shown). We suggest that these viral sequences represent single-stranded molecules originating by displacement (type I) D N A synthesis. Such molecules are coated by the DNA-binding protein (Kedinger et aL, 1978) . As they appear to be highly sensitive to MN, these complexes are unlikely to have complicated our chromatin patterns in the preceding experiments.
These results may be interpreted as follows. Newly synthesized viral D N A first associates with histones giving rise to a chromatin structure resembling that of the cell. However, as most of the molecules are either replicating or transcribing they are more open and less protected against nuclease digestion. Later in infection (16 h), an increasing proportion of these molecules become complexed with viral proteins which display a core-like chromatin structure. Such molecules are probably removed from the replicating and transcribing pool and are destined for encapsidation.
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Persistence of nucleosomal viral chromatin late in infection
Once the smeared core-like M N digestion pattern of viral chromatin becomes prevalent late in infection, the earlier repeating pattern is either masked by the excess of late chromatin structures or is actually converted. We tested this using the following rationale: inhibition of D N A synthesis would prevent the formation of new chromatin and late chromatin would be removed from the pool by encapsidation, thereby rendering early chromatin visible again. Cells infected with ts125, a mutant defective for D N A replication (Ensinger & Ginsberg, 1972) , were shifted to the non-permissive temperature at 24 h when the late chromatin pattern had become predominant. Seven h later the M N digestion pattern of unshifted (Fig. 5, lane 2) and shifted (Fig. 5 , lane 4) samples were compared with the pattern at 24 h (Fig. 5, lane 1) . The ratio of monomer to dimer, as measured by densitometry, clearly shows the reappearance of the pattern characteristic of early viral chromatin in the absence of D N A replication. A corresponding increase in protected genome-length molecules suggests that late chromatin was encapsidated (Fig. 5, lane 4) , Inhibition of D N A replication with hydroxyurea yielded the same results (Fig. 5,  lane 3) . Therefore, the pool of early chromatin persists even very late in the lytic cycle.
The persistence of early chromatin is interesting because at such late times in infection large quantities of viral core proteins are synthesized. To determine if core protein synthesis continues in ts125-infected cells shifted to 39 °C, cells were pulse-labelled with pS]methionine at 31 h and protein synthesis examined by SDS-PAGE. In agreement with previous reports (Kit & Daniell, 1978) viral protein synthesis continued after cessation of viral DNA synthesis (Fig. 5, lane 7) . As no new DNA is synthesized, and the early chromatin persists under these conditions, the excess pool of core proteins evidently cannot displace the histones of the viral DNA. Had such displacement occurred, we would not have observed the persistence of early chromatin in the above experiment.
Effect of salt on viral chromatin structure
Salt concentration and ionic strength in general are known to have strong effects on chromatin structure. We and others have previously digested viral chromatin with MN in buffers which did not contain NaC1 (Brown & Weber, 1980; Corden et al., 1976; Daniell et aL, 1981) . To test the effect of salt on the digestion of viral chromatin with MN, infected cell nuclei were digested at 10 and 20 h in the presence of 0, 15, 25, 50, 75 and 400 mra-NaC1. Digestion times were adjusted to obtain a well-defined nucleosomal ladder pattern in the case of cellular chromatin as observed by ethidium bromide staining (results not shown). A comparison of bulk cell chromatin with viral chromatin after blotting and hybridization showed that, (i) increasing the salt concentration to 50 or 75 mM resulted in only slightly improved resolution of the viral nucleosomal pattern, and (ii) at 400 mM-NaC1 the viral nucleosomal pattern was abolished while that of the cell remained unchanged. This could be due to a greater sensitivity of the viral chromatin to salt, being active chromatin as compared with the bulk of cellular chromatin which is inactive.
Chromatin structure of replicating and newly replicated viral DNA
To determine the structure of replicating and recently replicated viral chromatin and specifically to determine whether late viral chromatin or cores replicate, infected cells were labelled with [3H]thymidine at 28 h after infection and the chromatin digested with MN. As cellular DNA synthesis is efficiently repressed by a high multiplicity viral infection, viral DNA can be preferentially labelled at this time (Daniell et al., 1981) . Fig. 6 (a) shows the fluorogram of the dried agarose gel and, for comparison, the autoradiogram of the same samples transferred to nitrocellulose and hybridized with a cellular probe is shown in Fig. 6 (b) . The results clearly show a nucleosomal ladder. Viral chromatin shows two additional features: (i) a high ratio of monomer to dimer DNA (about 4 for viral and 0-5 for cellular chromatin), as noted before (Fig.  3) , and (ii) the transient presence of subnucleosomal DNA (Fig. 6a, lanes 2 and 3) , the result of recruitment of labelled DNA into the core pool. This nucleosomal DNA is likely to be the monomer of the late core-like chromatin.
The results suggest that replicating and recently replicated viral DNA is organized as nucleosomal chromatin. By extension, because the digestion pattern was not the smeared pattern characteristic of the core, we suggest that the cores do not replicate. It is important to note that the vast majority of viral DNA was present in core form at this time (30 h postinfection). These results also confirm the persistence of nucleosomal viral DNA from the early phase of infection. Daniell et al. (1981) reported similar results and in addition suggested that replicating viral chromatin gives a digestion pattern which is out of phase with that of cellular chromatin. To check this feature, we hybridized the Southern blot of the same samples with a cellular probe (Fig. 6 b) . The films of Fig. 6 (a) and (b) were exactly superimposable, showing that viral and cellular chromatin were in phase. Since increasing nuclease digestion is known to progressively shorten the length of protected nucleosomal DNA, it is important to compare samples with identical extents of digestion (Kornberg, 1977) . The out-of-phase pattern observed by Daniell et al. (1981) 
Are histones associated with viral DNA ?
The observation that viral D N A acquires a nucleosome-like conformation shortly after infection implies the involvement of histones. Whereas the size of core D N A is invariable, the length of internucleosomal D N A , or linker D N A , is constant for a given cell type, but variable among different cell types (Kornberg, 1977) .
The If nucleosomal viral D N A is composed of histones and the late viral chromatin is composed of core proteins, then after extensive digestion with MN, core proteins should only be detected in association with the viral subnucleosomal-sized D N A and not with mono-, di-and oligonucleosomal D N A . To test this prediction, [3SS]methionine-labelled late chromatin was digested with M N and the D N A -p r o t e i n complexes electrophoresed in an agarosepolyacrylamide composite gel to separate mono-and dinucleosomes, followed by an S D Spolyacrylamide gel in the second dimension to identify the proteins. Fig. 8 shows that viral core proteins were associated with the two size classes of subnucleosomal D N A (Mirza & Weber, 1982) . Histones were not apparent on the gel as their synthesis is inhibited at this time in infection. The absence of core proteins from the viral nucleosomal ladder is in agreement with the conclusion that this type of chromatin is composed of histones. methionine at 20 to 21 h after infection, and the nuclei isolated and digested with MN to 50~ acid solubility. The released nucleoprotein complexes were electrophoresed in a 3"5~o acrylamide-0.4% agarose-25 % glycerol composite gel in the first dimension and in a 15% SDS PAGE in the second dimension, according to Todd & Garrard (1977) . The mononucleosome (M) and dinucleosome (D) bands were located on the first dimension gel by staining with ethidium bromide. A marker virus (V) was included in the second gel. The position of protein PVII is indicated by arrows in the subnucleosomal region of the gel.
Contribution of integrated genomes to viral chromatin structure
Adenovirus DNA has been found to integrate efficiently into host DNA or to associate with it during lytic infection (Fanning & Doerfler, 1977; Tyndall et al., 1978) . Up to 20~o of input DNA was found associated with host DNA during the early phase of infection. The present study showed that only a small proportion of viral DNA could be demonstrated to be in a nucleosomal structure. It is important, therefore, to determine the extent of integration in our virus-host system in order to assess the contribution of free molecules versus integrated molecules to chromatin analysis. High molecular weight DNA was extracted from infected HEp-2 and transformed cells and electrophoresed in a 0.4% agarose gel and fragmented in situ before blotting (Wahl et al., 1979) . Integrated viral DNA and free viral DNA molecules migrate as well separated bands. The F4 transformed cell line which contains 16 copies of the left 60~o of the genome served as positive control. To check trapping, negative controls consisted of mixtures of calculated proportions of purified viral and cellular DNA to mimic in vivo proportions. Under these conditions, hybridization of blots with viral probes provided a reasonably accurate estimate of the integration of viral DNA into high molecular weight cellular DNA. The results are shown in Table 1 . By means of these experiments, we found integration and non-specific trapping to be negligible in HEp-2 cells. Based on these data, we suggest that the observed cellular-like chromatin structure cannot be solely due to integrated Ad2 DNA, particularly because: (i) the proportion of integrated versus free molecules is negligible, and (ii) this proportion does not change significantly during infection, whereas the nucleosomal pattern becomes progressively stronger until about 14 h after infection.
DISCUSSION
The structure of adenovirus chromatin during the early phase of infection has been studied by infecting cells with [3H]thymidine or 32p.labelled virus particles (Daniell et aL, 1981 ; Sergeant et al., 1979; Tate & Philipson, 1979) , while the late phase has been studied by Southern transfer and hybridization procedures (Brown & Weber, 1980; Daniell et al., 1981) . The consensus which emerged from these studies suggested that early after infection viral DNA is organized into a nucleosomal structure resembling that of the cell, while in the late phase of infection viral DNA adopts a different chromatin structure resembling that of the viral core. Digestion with MN gives a repeating pattern of early chromatin and a smeared non-repeating picture of late chromatin. The interpretation of results obtained with MN digestion has been complicated by the lack of a uniform substrate: asynchronous decapsidation, transcription, DNA synthesis, and integration into the cellular DNA are some of the more important complicating factors. In the present paper, we report results which we believe support a new hypothesis concerning the structure of adenovirus chromatin. Using blot hybridization methods to compare the MN digestion pattern of viral chromatin 5 h after infection with that in transformed cells, we obtained results consistent with published reports using radioactive virus (Daniell et al., 1981 ; Sergeant et al., 1979; Tate & Philipson, 1979) . A direct comparison of the transcriptionally active genomic region E1 in transformed cells and infected cells showed similar digestion patterns. Lytic infection was carried out in HEp-2 cells. In contrast to other cell systems, we could not demonstrate significant integration of the viral DNA into host DNA, using electrophoretic separation rather than the less well-resolving centrifugation methods employed in previous reports (Fanning & Doerfler, 1977; Tyndall et al., 1978) . Also, we infected confluent monolayers as opposed to exponentially growing KB cell suspension cultures. Therefore, the most plausible interpretation of the results would be that after uncoating the bulk of viral genomes are organized into chromatin by cellular histones. After the onset of viral DNA replication this type of chromatin structure becomes progressively more abundant. Between 14 and 16 h after infection (at 37 °C) there was a dramatic increase in viral DNA content and the appearance of the typical core-like smeared chromatin pattern. The change in chromatin structure was coincident with the decline in host DNA, mRNA and protein synthesis and with the appearance of newly assembled virions. This is also the time when significant pools of viral structural proteins begin to accumulate in the cells. As there appears to be no further increase in the pool of early-type viral chromatin beyond 14 h after infection, it is likely that the sudden accumulation of late chromatin is precipitated by the combined effect of exhaustion of the histone pool and availability of core proteins. Given that adenovirus particles do not contain histones, and assuming that late chromatin is destined for encapsidation, experimental conditions that permit such encapsidation in the absence of further synthesis of late chromatin would be expected to reveal whether the early-type chromatin is stable or whether it is transformed into late chromatin via the displacement of histones by core proteins. Using hydroxyurea or the DNA-negative mutant ts125 in a temperature-shift experiment, we achieved the above conditions and showed that the early-type chromatin was stable. In fact, the experiment also showed that only late chromatin is encapsidated as expected, and that the accumulated excess pool of core proteins due to continued viral protein synthesis after the ts125-induced shut-down of DNA synthesis does not displace the histones in the early-type chromatin.
Our finding that viral chromatin structure is essentially cell-like until well after the commencement of DNA replication has important implications for replication and transcription. It suggests that late-mode transcription uses the same chromatin template as early-mode transcription. Therefore, late transcription is not brought about by a change in the chromatin structure of the template, as suggested previously, but apparently by a cis-acting function involving the replication of the template (Daniell et al., 1981 ; Thomas & Mathews, 1980) . The core-like late viral chromatin consists of viral DNA complexed with the basic viral proteins V and PVII and only serves as an encapsidation precursor (Weber & Philipson, 1984) . The sequence of these proteins has recently been obtained and they show only minor similarities to histones (Sung et al., 1983) .
Our findings also suggest that DNA replication occurs on the cell-like chromatin template. Using pulse-labelling of viral DNA late in infection when the smeared core-like late chromatin structure predominates, we have demonstrated label going into a repeating structure which was in phase with bulk cellular nucleosomal fragments. Similar results were reported by Daniell et al. (1981) . From the combined results we suggest that the template for type I viral D NA replication (Winnacker, 1978) is nucleosomal chromatin throughout infection. Because conversion of this chromatin into late chromatin did not occur, we presume that only the product of type II replication can give rise to late chromatin. Apparently, this becomes an important mechanism only after approximately 16 h post-infection when the exhaustion of the histone pool is compensated for by the increased core protein pool. This model of chromatin structure in relation to DNA replication is depicted in Fig. 9 . The model predicts that only the product of type II replication which complexes with core proteins can be encapsidated. This prediction was tested and found to be correct (Weber et al., 1985) .
